Abstract. Endothelial subcellular structures, including caveolae, fenestrae and transendothelial channels, are crucial for regulating microvascular function. Plasmalemma vesicle-associated protein (PLVAP) is an endothelial cell-specific protein that forms the stomatal and fenestral diaphragms of blood vessels and regulates basal permeability, leukocyte migration and angiogenesis. Loss of PLVAP in mice leads to premature mortality due to disrupted homeostasis. Evidence from previous studies suggested that PLVAP is involved in cancer, traumatic spinal cord injury, acute ischemic brain disease, transplant glomerulopathy, Norrie disease and diabetic retinopathy. Specifically, PLVAP expression has been demonstrated to be upregulated in these diseases, accompanied by pro-angiogenic or pro-inflammatory responses. Therefore, PLVAP is considered a novel therapeutic target, in addition to an endothelial cell marker. The present review summarizes the structure and functions of PLVAP, and its roles in pathophysiological processes.
Introduction
The vascular endothelium, which lines the inner surface of the entire cardiovascular system (1,2), performs vital functions in maintaining permeability, vessel wall integrity and homeostasis, and preventing thrombosis (1) (2) (3) (4) . Caveolae, transendothelial channels (TECs), and fenestrae are subcellular organelles that are present in a subset of endothelial cells (ECs) that regulate microvascular permeability (1) (2) (3) . Caveolae are plasma membrane invaginations displaying a thin stomatal diaphragm (SD) in their necks (5, 6) . Fenestrae, which are 60-80 nm transcellular pores spanned by fenestral diaphragms (FDs), consist of radial fibrils on their lumenal side (7) (8) (9) . TECs are spanned by two stomatal diaphragms, and arise interspersed with fenestrae in discontinued areas of ECs (9) (10) (11) .
Plasmalemma vesicle-associated protein (PLVAP) is commonly considered to be endothelium-specific as it is an antigen for two classic antibodies of the endothelium: Mouse endothelial cell antigen (MECA)-32 and pathologische anatomie Leiden-endothelium (PAL-E) (4, 10, 12, 13) . PLVAP was the first molecular component of fenestrae to be identified, and is essential for the development of FDs and SDs in ECs (14, 15) . Previous studies have reported roles for PLVAP in the regulation of basal permeability, leukocyte migration and angiogenesis (16) (17) (18) (19) (20) . In addition, upregulation of PLVAP has previously been associated with cancer, traumatic spinal cord injury, transplant glomerulopathy (TG), ischemic brain disease and ocular disease (16, 17, (21) (22) (23) (24) (25) (26) (Table I) . Furthermore, PLVAP has been investigated as a novel target in cancer therapy (27) . The present review provides a detailed description of the current understanding of the biological properties and functions of PLVAP.
PLVAP protein structure
PLVAP, a type II integral membrane glycoprotein with a molecular weight of ~60 kDa, forms dimers in situ and binds to heparin at physiological pH (3, 5, 28, 29) . PLVAP consists of three sections: A short (27-amino acid) intracellular tail, a transmembrane domain and a long (358-amino acid) extracellular C-terminal domain (6, 30) (Fig. 1) . The intracellular domain of PLVAP consists of two short identical stretches of amino acids: One is adjacent to the transmembrane region (8 amino acids) and contains a putative caveolin-1 binding domain, whereas the other is at the extreme N-terminus (7 amino acids) of the protein (6) . The extracellular domain consists of four N-glycosylation sites, a proline-rich region near the C-terminus and two large coiled-coil domains (31) (Fig. 1) . Every seventh amino acid of the α-helix of the coiled-coil domain is hydrophobic to facilitate the formation of an intermolecular superhelix (4).
PLVAP protein expression pattern
The PLVAP protein is restricted to the membrane of a subset of ECs in the normal microvasculature (3). The highest levels of PLVAP were detected in the lungs, kidneys, spleen, endocrine glands and digestive tract (28) . Notably, PLVAP is not expressed in the ECs of large vessels, with the exception of the endocardial lining of the heart chambers (6,32).
Regulation of PLVAP
Vascular endothelial growth factor (VEGF), which stimulates increased vascular permeability and angiogenesis, is the primary regulator of PLVAP (33) . However, the reports of the effects of VEGF on PLVAP expression have been conflicting. Hofman et al (34) suggested that PLVAP was directly or indirectly induced by VEGF, as VEGF and PLVAP (the then PAL-E) were revealed to simultaneously be present on the retina of diabetic patients with retinal vascular leakage. Consistent with this, Strickland et al (33) demonstrated that treatment of human umbilical vein ECs (HUVECs) with VEGF increased the mRNA and protein expression levels of PLVAP via activation of the VEGF receptor 2 (33) . Furthermore, this effect was attenuated by an anti-VEGF monoclonal antibody, and was reported to be mediated via the phosphatidylinositol 3-kinase (PI3K) and p38 mitogen-activated protein kinase (p38MAPK) signaling pathways (33) (Fig. 2) . In addition, treatment with the PI3K inhibitor LY294002 or the p38MAPK inhibitor SB203580 induced a dose-dependent decrease in the mRNA and protein expression levels of PLVAP (33) . However, experiments using caveolin-1-null mice suggested that PLVAP expression in the lungs was negatively regulated by VEGF (35) . Notably, the PLVAP expression level remained unchanged in caveolin-2-null mice under identical experimental conditions (35) . These seemingly contradictory results suggested that other endothelial proteins, such as caveolin-1, may affect VEGF-mediated regulation of PLVAP expression. In addition, the effects of increased VEGF expression on PLVAP expression may vary across different organs and/or species (33, 35) . PLVAP expression has also been shown to be regulated by phorbol myristate acetate (PMA), an activator of protein kinase C (14) . The treatment of EC cultures with PMA resulted in the upregulation of PLVAP expression in a dose-dependent and time-dependent manner (14) . Furthermore, PMA-induced upregulation of PLVAP expression was hypothesized to be dependent on the activation of the extracellular signal-regulated protein kinase 1/2-MAPK signaling pathway (14) .
Roles of PLVAP in physiological processes
PLVAP forms SDs and FDs. PLVAP, which is the only known molecular component of SDs and FDs (14,28), forms homodimers that are cross-linked in situ (5, 14, 28) . The upregulation of PLVAP expression upon treatment of EC cultures with PMA was associated with the de novo formation of SDs and FDs that were demonstrated to contain PLVAP (14) . In addition, silencing of PLVAP mRNA expression inhibited de novo diaphragm formation in caveolae, TECs and fenestrate (14, 15) , and knockout of the PLVAP gene in mice resulted in the complete absence of SDs and FDs (10) . These findings suggested that PLVAP is required for the formation of SDs and FDs in ECs. It has been hypothesized that PLVAP is responsible for the formation of the radial fibrils that constitute both SDs and FDs (31) . To elaborate, these diaphragms consist of thin fibrils originating at the inner surfaces that then intertwine into a knot at the lumenal center of caveolae, fenestrae or TECs (4). At present, it is unclear whether PLVAP is the only protein present in the diaphragms (31) . Various functional groups at the C-terminus of PLVAP potentially offer binding sites for other PLVAPs, causing the fibrils to interweave in the observed manner (31) . In addition, the polysaccharides occupying ~15% of the molecular weight of PLVAP near the membrane may support the membrane and maintain the fibrils in their correct position (4) . Furthermore, interactions between PLVAP C-termini and the existence of a rigid structure attaching PLVAP to the cytoskeleton may contribute to the stabilization of the diaphragms (4).
PLVAP regulates basal permeability and maintains the integrity of blood vessels.
PLVAP is restricted to a subset of capillary endothelial linings, as demonstrated by immunofluorescence using anti-PLVAP antibodies (5, 28) . On a C57BL/6N genetic background, PLVAP-null embryos died before birth and suffered from edema, hemorrhages, and defects to the vascular wall of subcutaneous capillaries (36) . Furthermore, diaphragms were missing from caveolae of the subcutaneous capillaries and endocardium ECs of PLVAP-null mice (36) . In addition, capillaries of the pancreas and kidney peritubular interstitium of PLVAP-null mice demonstrated a complete absence of diaphragms in fenestrae, caveolae, and TECs (36) . Transmission electron microscopy confirmed the lack of endothelial integrity, detecting extensive defects in the endothelial lining of capillaries (36) .
Similarly, Stan et al (10) demonstrated that the deletion of the PLVAP gene in mice of a mixed BALB/c-C57Bl/6J-129Sv/J background resulted in decreased survival due to the absence of diaphragms. In particular, the loss of diaphragms disrupted the barrier function of fenestrated capillaries, causing a major leak of plasma proteins, and leading to hypoproteinemia, hypertriglyceridemia, and an increased plasma concentration of chylomicron remnants (10) . As a result, PLVAP-null mice suffered from premature death due to severe enteropathy and edema of the intestine, kidneys, and pancreas (10) . In addition, the results of an Evans Blue dye extravasation assay indicated that the intestinal capillaries displayed the highest rate of protein leakage (10) . Conversely, endothelial reconstitution of PLVAP by breeding with PLVAP transgenic mice rescued the PLVAP-null phenotype and restored the diaphragms of fenestrae and caveolae (10) . As human influenza hemagglutinin (HA)-tagging of PLVAP did not alter its behavior in cultured cells, VEC-PV1HA-HA transgenic mice were generated that expressed PV1-HA under the control of the vascular endothelial-cadherin promoter and a 5'-intronic enhancer element (10, 37) . These mice demonstrated ~30-50% reconstitution of PLVAP expression, in addition to the restoration of FDs/SDs in the lungs, adrenal glands, kidneys, pancreas, thyroid and intestine, which led to improved survival (10) . Therefore, PLVAP is crucial for the regulation of vascular permeability (Fig. 3) .
PLVAP facilitates leukocyte trafficking. The migration of leukocytes from the bloodstream into tissues via a transcellular pathway through the endothelium is one of the central paradigms of inflammation and immunity (19, 38) . In vitro transmigration experiments have demonstrated that rings containing PLVAP and caveolin-1 surround lymphocytes during their migration (19) . PLVAP was also reported to redistribute in the presence of and partially colocalize with vimentin and caveolin-1 (19) . In capillary flow assays, tumor necrosis factor-α activated HUVECs grown in glass capillaries and incubated with anti-PLVAP antibody (19) . As a result, the transmigration of peripheral blood mononuclear cells through the HUVEC layer was significantly inhibited, although the rolling and adhesion functions were unaffected (19) . Blockage of PLVAP using a MECA-32 antibody in an acute peritonitis model decreased leukocyte migration by ~85% (19) . Therefore, PLVAP potentially aggravates inflammation by increasing leukocyte trafficking.
PLVAP controls the entry of lymphocytes into lymph nodes.
Lymph nodes are specialized for efficient interaction of peripheral antigens with lymphocytes (39,40). Caveolae, TECs and vesiculo-vacuolar organelles (VVOs) with diaphragms were identified in the subcapsular sinus lymphatic ECs (LECs) of lymph nodes (41) . PLVAP is synthesized in LECs, which line the sinuses and cover the distal lymphatic vessels (41) . Diaphragms consisting of PLVAP fibrils in TECs act as physical sieves that are responsible for regulating the entry of soluble antigens and lymphocytes into the parenchyma (41) . PLVAP-null mice demonstrated an increase in lymphocyte transmigration through the sinus floor, in addition to non-selective antigen entry into the lymph system (41) . Similarly, in the absence of PLVAP diaphragms on the sinusoidal floor LECs, the migration of lymph-generated lymphocytes to the parenchyma of peripheral lymph nodes (PLNs) is increased (41) . When PLVAP-containing diaphragms interacted with antibodies, the entry of lymphocytes into the PLNs was prohibited at the sinus-cortex interface (41). These observations suggested that the selective entry of lymphocytes and antigens into the lymphatic nodes requires PLVAP (41) . In a previous study, migrating lymphocytes were demonstrated to produce F-actin-rich podosomes that probe the lymphatic sinus floor (41) . The large PLVAP-positive patches observed on the LEC floor at points of transendothelial diapedesis in the sinus were colocalized with the areas populated by F-actin-rich podosomes (41) . Electron microscopy revealed that, lymphocytes typically made contact with the wild-type LEC membrane in regions containing caveolae, VVOs, TECs and diaphragms (41) . Therefore, PLVAP-positive diaphragms guarding the pores, tubular structures and channels may offer the path of least resistance through the sinusoidal floor LECs (41).
PLVAP and diseases
Cancer. With regard to cancerous tissues, PLVAP was first observed in malignant glioma microvasculature associated with increased fenestration, malperfusion and hyperpermeability (16) . Subsequently, PLVAP was shown to be upregulated in ECs in tumors of the brain, lungs, breasts, stomach, liver, pancreas, colon, small intestine, kidneys, ovaries, prostate, uterus, skin and lymph nodes (16, 33, 42) . Furthermore, upregulation of PLVAP was reported to be similar in primary and metastatic tumors (18) . Increased expression levels of PLVAP in tumors have been associated with angiogenesis (17) . PLVAP is typically induced in large, well-vascularized tumors, in which PLVAP colocalizes with the vascular endothelial markers, cluster of differentiation 31 (CD31) and von Willebrand factor (16, 18, 43) . Furthermore, PLVAP was reported to be induced in vitro following exposure to VEGF-enriched medium and tumor cell lines (17) .
As the presence of PLVAP facilitates vascular growth in cancer, it is considered a novel target for cancer therapy (16, 17) . Downregulation of PLVAP using small hairpin RNA prevented the development of pancreatic adenocarcinoma in xenografts (32) . In a previous study, infusion of recombinant monoclonal anti-PLVAP antigen-binding fragment co-expressed with the extracellular domain of human tissue factor into the feeding artery of hepatocellular carcinoma (HCC) led to vascular thrombosis and extensive necrosis of HCC (27) . Furthermore, the suppression of tumor growth and minimal systemic toxicity indicated that PLVAP is a novel therapeutic target for the treatment of HCC (27) .
Traumatic spinal cord injury. Spinal cord injury (SCI) is a potentially life-threatening condition (44, 45) . Following SCI, both ECs and neurons are rapidly lost (45, 46) . Expeditious and extensive cell death leads to inflammation followed by adaptive angiogenic responses at and around the epicenters of primary injury (45, 46) . In contusive SCI mice, PLVAP was detected in several microvascular beds at 12 h post-SCI, with the level of PLVAP peaking at around 3-7 days post-injury (25) . The majority of newly generated vessels at the injury sites were PLVAP-positive on day 3 post-injury, thus suggesting that PLVAP is expressed in neovasculature post-SCI (25) . Furthermore, microvessels expressing PLVAP appeared to be spatially correlated with tissues containing actively extravasated neutrophils (25) . On day 3 post-SCI, the expression of intracellular junction component zonula occludens-1 (ZO-1) and occludin was negligible in PLVAP-positive microvessels, which was indicative of a significant disruption of neurovascular integrity (25) . Therefore, the upregulation of PLVAP may lead to secondary injury post-SCI via the induction of inflammation and deterioration of neurovascular function (25) .
TG. Normal mature glomerular endothelium contains fenestrae without FDs for trafficking of macromolecules (26, 47) (Fig. 3) . One of the histopathological features of TG is the upregulation of PLVAP expression and the increased numbers of caveolae in glomerular ECs (26) . Transcytotic pathways that deliver albumin and immunoglobulins are largely dependent on vesicles originating from caveolae (20) . As glomerular ECs in TG patients typically demonstrate reduced fenestration under the transmission electron microscope (26), Yamamoto et al (26) hypothesized that the elevation of PLVAP expression and caveolae formation may be a compensatory mechanism to increase the permeability of ECs to macromolecules. TG with double contouring of the glomerular capillaries is a characteristic manifestation of chronic rejection in an allograft recipient (48) . The double contouring in TG is caused by endothelial injury and subsequent formation of a basement membrane-like structure beneath the endothelium; hence, the upregulation of PLVAP expression in glomerular capillaries may reflect vascular remodeling post-injury (26, 47, 48) .
Acute ischemic brain disease. In ischemic brain disease, damage to the blood-brain barrier results in an increased permeability of the microvasculature and fluid accumulation in the extracellular space, leading to brain ischemia, hypoxia and eventually mortality (43) . PLVAP was suspected to be induced during hypoxia, as PLVAP upregulation was detected in the brain tissues of patients with acute ischemia (17) . In C57/B6 mouse models with focal cerebral ischemia, negligible PLVAP staining was observed at 48 h following disease onset, and marked upregulation was detected 5 days later (43) . Furthermore, all PLVAP-positive cells were shown to be located around the area of ischemic damage (43) . Within the tissues, ~17% of CD31-positive vessels were expressing PLVAP by 48 h (43). As a result of PLVAP upregulation, no statistical difference was observed between the number of PLVAP-positive vessels and CD31 expressing vessels on day 7 following disease onset (43) .
Norrie disease. Norrie disease, which is characterized by abnormal angiogenesis and exudative vitreoretinopathy, is caused by mutations in the Norrie disease pseudoglioma (NDP) gene (49) (50) (51) . One-week-old NDP-null mice had reduced retinal capillarization (52) , and increased endothelial fenestration and disrupted vascular integrity were observed in the retinas of NDP-null mice a week later (21) . Unlike the wild-type mice, ectopic expression of PLVAP protein was demonstrated in the developing retinal vasculature of NDP-null mice, providing evidence for a potential role of PLVAP in the pathogenesis of Norrie disease (21) .
Diabetic retinopathy (DR).
Loss of blood-retinal barrier (BRB) integrity is an important feature underlying the pathogenesis of diabetic macular edema (DME) (22) . Increased retinal VEGF levels are associated with BRB breakdown in diabetic rodents, primates and humans (22, 23, 34) . VEGF is considered to induce transcellular transport via caveolae (22) . In previous studies, exposure to exogenous VEGF led to an increase in the number of pinocytotic vesicles at the lumenal side of retinal capillaries, and to increased levels of PLVAP in caveolae (23, 53) . To mimic the in vivo pathophysiology of DME, bovine retinal ECs (BRECs) were stimulated with VEGF, which led to an increase in the mRNA expression levels of caveolin-1 and PLVAP (22) . In addition, a cell-based enzyme-linked immunosorbent assay detected a significant increase in the PLVAP content of BRECs at 72 h following VEGF treatment (23) .
Mating the diabetic Ins2 Akita (Akita) mice with the human VEGF photoreceptor-overexpressing trVEGF029 (Kimba) mice resulted in the Akimba (Ins2 Akita VEGF + / -) mouse model that displayed retinal neovascularization and hyperglycemia, which are characteristics of advanced clinical DR (24) . BRB loss, which was characterized by fluorescein leakage, was observed in both Kimba and Akimba mice (24) . Among these mice, fluorescein leakage was associated with focal angiogenesis and PLVAP gene expression, suggesting a vital role for PLVAP in regulating the permeability of the BRB (24).
Conclusion
PLVAP is an endothelial cell-specific protein that is crucial for the development of SDs and FDs in subcellular structures, including caveolae, fenestrae and TECs (1-4). These diaphragms act as physical sieves that size-dependently control the exchange of soluble molecules between the blood plasma and interstitial fluid (10) . In a previous study, PLVAP-deficient mice demonstrated increased premature mortality due to non-inflammatory protein severe enteropathy (10) . Furthermore, PLVAP facilitates lymphocyte migration, presumably by sustaining the selective entry of lymphocytes into the parenchyma, in addition to offering the path of least resistance through cell bodies (39) (40) (41) . Previous studies have also suggested that PLVAP is upregulated in various pathophysiological processes associated with angiogenesis, including tumorigenesis or the secondary injury of neurons following SCI (16, 25) . In a previous study, PLVAP was shown to be a preferable therapeutic target for cancer therapy, since administration of PLVAP antibodies effectively suppressed tumor growth and had minimal systemic toxicity (27) . Therefore, PLVAP may have a vital role in maintaining vascular integrity and homeostasis, under both normal and pathological conditions.
